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SwellingThis paper has extended modiﬁed mixture theory with consideration of hydration swelling in unsatu-
rated rock. By using non-equilibrium thermodynamics and Biot elasticity, a fully coupled formulation
including hydration swelling term is derived. Standard arguments of non-equilibrium thermodynamics
are used to derive the Darcy’s law for unsaturated ﬂow. Helmholtz free energy has been used to give
the relationship between the stress and pore pressure. The chemical potential of water in pore space
and clay platelets has been included in the analysis of water sensitive materials such as shale. Finally,
a simple numerical example has been presented for illustrative purpose, the results show that the swell-
ing parameter has a strong inﬂuence on stress and strain.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
In smectite and mixed layer clays-rich rocks, intracrystalline
swelling which is cause by hydration of the exchangeable cations
is popular. This kind of swelling is different frommechanical swell-
ing which caused by the dissipation of negative excess pore pres-
sures and osmotic swelling which caused by double layer effect
or osmotic pressure due to chemical transport. About one to four
water layers can be added between clay layers due to a widening
of the spacing between the clay layers caused by exchangeable
cations. The maximum external volume increase caused by
intracrystalline is usually less than the order of 25% (Madsen and
Muller-von Moos, 1989). The important parameters controlling
the swelling are: type of exchangeable cations, type of organic
compounds, overall stress state, the bulk material properties and
temperature (Einstein, 1996).
There are two major approaches for describing hydro-mechan-
ical coupling of rock which is the interaction of the ﬂuid and solid
phases: the mechanics approach and the mixture theory approach.
The mechanics approach is based on the classical consolidation
theory (Biot, 1962, 1972; Terzaghi, 1943). Mixture theory, which
was ﬁrstly developed by Truesdell (1957), maintains the individu-
ality of the solid and ﬂuid phases and takes account of phase inter-
action effects (Bowen, 1980, 1984; Truesdell, 1957; Truesdell and
Toupin, 1960). It is a form of macroscopic approach and has been
used to model the swelling phenomena of biological tissues and
soils (Hueckel, 1991; Karalis, 1991; Mow et al., 1990; Snijderset al., 1991). Most recently Rajagopal etc. have contributed to the
development of modiﬁed mixture theory (Humphrey and
Rajagopal, 2002, 2003; Rajagopal, 2007; Rajagopal and Tao, 1995;
Rajagopal et al., 1986). Rajagopal and Tao (1995, 2005) have also
re-examined Biot’s equations within the context of the theory of
mixtures, and concluded that Biot’s approach can be obtained as
a special case of mixture theory (Rajagopal and Tao, 1995, 2005).
Also, issues related to swelling of porous media, especially rock like
or cement like materials have been studied recently in great de-
tails. For example, Grasley and coworkers have taken into account
of entropy of the interfaces within the porous media (Grasley et al.,
2011). Zachary and Rajagopal have revisited the notion of suction
for geomaterials in the frame work of Mixture theory in conjunc-
tion with thermodynamics (Grasley and Rajagopal, 2012).
However, obtaining information on the interaction between the
phases is difﬁcult in mixture theory. Rajagopal has discussed such
difﬁculties associated with applications of mixture theory, and
studied some possible boundary conditions (Rajagopal and Tao,
1995). For example, Rajagopal generated a saturated boundary
condition for solid–ﬂuid mixtures (Rajagopal et al., 1986).
Recently, a modiﬁed mixture theory, which views the ﬂuid-
inﬁltrated rock as a single continuum and does not explicitly dis-
criminate between the solid and the ﬂuid phases was developed
(Heidug and Wong, 1996). This approach combines Biot’s theory
and non-equilibrium thermodynamics. Most recently, Chen and
Hicks (2009) extended modiﬁed mixture theory by isolating the
hydration swelling from combined swelling and giving a simple
hydro-mechanical coupled model, and later extending modiﬁed
mixture theory to unsaturated conditions (Chen, 2010; Chen and
Hicks, 2009, 2011). However, no research has so far been done
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theory.
Baek and Srinivasa has proposed a ‘‘not mixture theoretic’’ ap-
proach to study the swelling of polymers, which considered the
mixture as a single continuum instead of two different media, their
results agreed with the much more complícate mixture theory ap-
proach (Baek and Srinivasa, 2004). However, if multiphase ﬂow
such as gas, oil involved in the geomaterials, such approach may
not be as straightforward as modiﬁed mixture theory.
In this paper, an unsaturated and isothermal coupled model is
formed to give a macro-approach of intracrystalline swelling based
on modiﬁed mixture theory. The balance equations are derived
from Balance laws of free energy, solids and ﬂuids. The Darcy’s
law for unsaturated ﬂow is derived from the dissipation process.
By analysing the free energy of wetted matrix, the evolution of
stress and pore volume fraction can be obtained. With the conser-
vation equations of ﬂuid, the whole unsaturated and isothermal
equation is derived. The ﬁnal equations are proved by comparing
with those from Mechanics approach. A simple numerical model
has been given to analysing the effects of swelling parameters by
comparing with the results of those nonswelling rock.
2. Balance equations and dissipative process
To adopt modiﬁed mixture theory, an arbitrary domain which
including solid, water and gas has been chosen within the rock.
The volume of this domain is V while S is its boundary which is at-
tached to the solid phase. Thus, there is only the movement of ﬂuid
such as water and gas across the domain boundary. Also, it is as-
sumed that the air phase is continuous in the unsaturated zone
and remain at atmospheric pressure patm ¼ 0 (Neuman, 1975; Safai
and Pinder, 1979).
2.1. Balance equation for Helmholtz free energy
Since the gas transport has not been considered here, the bal-
ance equations can be derived as:
(1) Helmholtz free energy which combines both internal energy
and entropy (Haase, 1990) is used here. Balance equation for
Helmholtz free energy for two phase coupled ﬂow is
D
Dt
Z
V
wdV ¼ 
Z
S
rn  vsdS
Z
S
lIw  ndS T
Z
V
cdV ð1Þ
where w is Helmholtz free energy density, r is the Cauchy stress
tensor, vs is the velocity of the solid, l is the chemical potential
of water, T is temperature, c is the entropy production per unit vol-
ume, the material time derivative is
D
Dt
¼ @t þ vs  r ð2Þ
in which @t is the time derivative and r the gradient.
Iw is the mass ﬂux of water deﬁned as
Iw ¼ qw vw  vsð Þ ð3Þ
in which qw is the mass density of water and vw is the velocity of
the water.
The derivative version of the balance equation for the free en-
ergy can be expressed as
_wþ wr  vs r  rvsð Þ þ r  lIwð Þ ¼ Tc 6 0 ð4Þ
(2) Balance equation for solid mass is
D
Dt
Z
V
qsdV
 
¼ 0 ð5ÞThe derivative version is
_qs þ qsr  vs ¼ 0 ð6Þ
where qs is the solid density relative to the unit volume of the ﬂuid–
solid–gas mixture.
(3) Balance equation for water mass
D
Dt
Z
V
qwdV
 
¼ 
Z
S
Iw  nda ð7Þ
The derivative version is
_qw þ qwr  vs þr  Iw ¼ 0 ð8Þ
where qw is the water component mass density relative to the unit
volume mixture. qw is related to the true mass density qwt through
qw ¼ /wqwt ð9Þ
in which /w is the volume fraction of water. The relationship of /w
and the porosity of the medium / is
/w ¼ Sw/ ð10Þ
where Sw is the saturation of water.
2.2. Dissipative progress and unsaturated Darcy’s law
After neglecting the gas transport and assuming only one single
dissipation mechanism at the solid/ﬂuid boundary when the water
moves through the porous skeleton, a macroscopic expression for
the dissipation can be obtained by using standard arguments of
non-equilibrium thermodynamics (Katachalsky and Curran, 1965)
0 6 Tc ¼ Iw  rl ð11Þ
By introducing the Darcy velocity through the deﬁnition
u ¼ Sw/ vw  vsð Þ ð12Þ
and making use of Gibbs–Duhem equation in the ﬂuid, it leads to
rpw ¼ qwt rl ð13Þ
where pw denotes the pressure of water.
Next, with the help of phenomenological equations and stan-
dard steps (Case, 1994), the unsaturated Darcy’s law can be derived
as
u ¼ k krwv rp
wð Þ ð14Þ
in which v denotes the ﬂuid’s viscosity, k is the absolute permeabil-
ity and krw is relative permeability.3. State equations for swelling rock
In this section, the constitutive equations for the stress and
strain response of swelling rock can be formulated. In swelling
rocks, water resides between individual clay platelets and in pore
space, the gas effect in clay platelets have not been considered
here. Water in the pores does not have strong feel of the forces
of intermolecular and surface forces because the pore dimensions
are much larger than the distances which the intermolecular forces
are active (Israelachvili, 1991). Then bulk ﬂuids in pores can follow
thermodynamic relations.
3.1. Helmholtz free energy of pore water
The water mass density per unit ﬂuid volume is denoted as qporet
and the Helmholtz free energy density of the pore water as wpore.
Then, based on classical thermodynamics, the free energy density
of pore space can be written as
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where p is the average pressure in pore space and the gas has been
ignored here.
According to the Gibbs–Duhem equation in constant
temperature,
_p ¼ Swqwt _l ð16Þ
From Eq. (15)
_wpore ¼  _pþ _lSwqwt þ lðSwqwt _Þ ð17Þ
Introducing Eq. (17), it can be concluded that
_wpore ¼ lðSwqwt _Þ ð18Þ3.2. Basic equation for deformation
It is assumed that the rock maintains mechanical equilibrium so
thatr  r ¼ 0. With the entropy production (11) and balance equa-
tion (4), the equation for w is
_wþ wr  vs  r : rv s þ lr  Iw ¼ 0 ð19Þ
To measured the rock’s deformation state, classic continuum
mechanics has been considered here. First an arbitrary reference
conﬁguration X is selected, then at the time t the position is x.
The expression of Green strain E, the deformation gradient F,
F ¼ @x
@X
ðX; tÞ; E ¼ 1
2
ðFTF IÞ; ð20Þ
where I is a unit tensor.
The relationship between second Piola–Kirchhoff stress T and
Cauchy stress r is
T ¼ JF1rFT
where J (the Jacobian of F) is
J ¼ dV
dV0
; _J ¼ Jdivms
From partial masses equation (8) and Eq. (45), it leads to
_W ¼ tr T _E
 
þ l _m ð21Þ
W ¼ Jw; m ¼ Jq ¼ JSw/qwt ð22Þ3.3. Free energy density of the wetted mineral matrix
Because the free energy of the mineral matrix inclusive ﬂuid
‘bound’ between platelets, the free energy can be obtained by sub-
tracting the combined shale/ﬂuid system the contribution J/wwpore
due to the pore water from the free energy W. t ¼ J/ is denoted as
pore volume per unit referential volume. And also mbound ¼ m
JSw/qporet is denoted as the referential mass density of bound water.
So the free energy density of the wetted mineral matrix is as
ðW J/wwpore _Þ ¼ tr T _E
 
þ l _mbound þ p _t ð23Þ
For the reason of convenience, the dual potential can be ex-
pressed as
W ¼ ðW J/wwf Þ  pt lmbound ð24Þ
where W is a function of E, p, l, so the expression of T, t, mbound can
be given. Eq. (24) implies the time derivative of WðE; p;lÞ satisﬁes
the relation
_WðE; p;lÞ ¼ tr T _E
 
 _pt _lmbound ð25Þand then
Tij ¼ @W
@Eij
 
p;l
; t ¼  @W
@p
 
Eij ;l
; mbound ¼  @W
@l
 
Eij ;p
ð26Þ
and also
_WðE;p;lÞ ¼ @W
@Eij
 
p;l
_Eij þ @W
@p
 
Eij ;l
_pþ @W
@l
 
Eij ;p
_l ð27Þ
If Eq. (26) is differentiated respect to time, the fundamental
constitutive equations for the evolution of stress, pore volume frac-
tion and the mass densities in the bound water can be obtained.
_Tij ¼ Lijkl _Ekl Mij _pþ Sij _l ð28Þ
_t ¼ Mij _Eij þ Q _pþ B _l ð29Þ
_mbound ¼ Sij _Eij þ B _pþ Z _l ð30Þ
where the parameters Lijkl, Mij, Sij, Z, B, Q are as following group
equations
Lijkl ¼ @Tij
@Ekl
 
p;l
¼ @Tkl
@Eij
 
p;l
Mij ¼  @Tij
@p
 
Eij ;l
¼ @t
@Eij
 
p;l
Sij ¼ @Tij
@l
 
Eij ;p
¼  @mbound
@Eij
 
p;l
ð31Þ
Z ¼ @mbound
@l
 
Eij;p
B ¼ @t
@l
 
Eij;p
¼ @mbound
@p
 
Eij;l
Q ¼ @t
@p
 
Eij ;l3.4. Linear isotropic response
Several assumptions are made to simply (28)–(30) from physi-
cal and geometrical linearization.
(1) It is assumed the parameters Lijkl,Mij, Sij, Z, B, Q are material-
dependent constants.
(2) The strains are assumed to be small. So the Green Strain ten-
sor Eij and Piola–Kirchhoff stress Tij can be replaced by strain
tensor eij and Cauchy stress rij, as
Eij ¼ eij; Tij ¼ rij ð32Þ
(3) Material’s symmetry, isotropic laws are incorporated in the
constitutive laws. For isotropic materials, the tensors Mij,
Sij are diagonal, i.e. they can be written in the form of scalars
f and x
Mij ¼ fdij; Sij ¼ xdij ð33Þ
and the elastic stiffness Lijkl can be formed as a fourth-order isotro-
pic tensor
Lijkl ¼ Gðdikdjl þ dildjkÞ þ K  2G3
 
dijdkl ð34Þ
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modulus.
Finally with Eqs. (32)–(34), Eqs. (28) and (29), governing stress
and pore fraction can be changed to
_rij ¼ K  2G3
 
_ekkdij þ 2G _eij  f _pdij þx _ldkl ð35Þ
_t ¼ f _eii þ Q _pþ B _l ð36Þ
where Ks is the bulk modulus of the solid matrix. The void com-
pressibility Q relates to the scalar f according to
Q ¼ ð1=KsÞðf /Þ ð37Þ
B is
B ¼ ð1=KÞðf 1Þx ð38Þ
The quantity f is related to the bulk modules K and Ks in a man-
ner from poroelasticity, namely
f ¼ 1 ðK=KsÞ ð39Þ
From Eq. (16), it leads to
_l ¼ 1
Swqwt
 
_p ð40Þ
Hence, the stress equation (35) can be rewritten as
_rij ¼ K  2G3
 
_ekkdij þ 2G _eij  f xSwqwt
 
_pdij ð41Þ4. Conservation equations and Field equations
4.1. Solid-phase behaviour
The constitutive equations (35) and (36) give the alteration in
solid stress and volume fraction in terms of independent variables
such as eij ¼ 12 ðdi;j þ dj;iÞ in which diði ¼ 1;2;3Þ is the displacement
component, the pressure p .These equations should obey the
mechanical equilibrium condition.
@rij
@xj
¼ 0 ð42Þ
From Eq. (41) and Eq. (42), it leads to
Gr2dþ G
1 2h
 
rðr  dÞ  f x
Swqwt
 
r _p ¼ 0 ð43Þ
Since the average pressure is (Li and Zienkiewicz, 1992).
p ¼ Swpw ð44Þ
and its time derivative
_p ¼ Sw @p
w
@t
þ Cs
/
pw
@pw
@t
¼ Sw þ Cs
/
pw
 
@pw
@t
ð45Þ
where Cs in the speciﬁc moisture content which is deﬁned in terms
of pressure. With Eq. (44) and (45), Eq. (43) can be rewritten as
Gr2dþ G
1 2h
 
rðr  dÞ  f x
Swqwt
 
r ðSw þ Cs
/
pwÞ _pw
 
¼ 0
ð46Þ4.2. Fluid-phase behaviour
From equation water partial mass equation (8), water density
equation (9) and Euler identity, the conservation equation of water
isðSwtqwt _Þ þ r  qwt u
 	 ¼ 0 ð47Þ
From Eqs. (36) and (4), it leads to
Swqwt fr  _dþ Swqwt Q þ BD=qwt
 
_pþ /qwt
@Sw
@t
þ /Sw @q
w
t
@t
þ qwt k
krw
v r
2pw
 
¼ 0 ð48Þ
Considerating Eqs. (44) and (45), and also the rate of change of
saturation function and the rate of change of water density
function
/
@Sw
@t
þ /S
w
qwt
@qwt
@t
¼ CS @p
w
@t
þ / S
w
Kw
@pw
@t
¼ CS þ / S
w
Kw
 
@pw
@t
ð49Þ
Eq. (48) can be rewritten as
 k krwv r
2pw þ CS þ /
Sw
Kw
 
@pw
@t
þ Sw Q þ BD=qwt
 
Sw þ Cs
/
pw
 
@pw
@t
þ Swfr  _d ¼ 0 ð50Þ4.3. Equation comparison
The coupled equations (43) and (48) can be compared with
non-swelling unsaturated hydro-mechanical coupled equations
derived from the mechanics approach, which have been tested
by number of researchers (Lewis and Schreﬂer, 1987). Without
considering hydration swelling, Eqs. (43) and (48) can be chan-
ged to classic equations from mechanics approach only (Lewis
and Schreﬂer, 1987). The differences are the swelling term in
Eq. (43) x=qwt and the ﬂow buffer term B
D=qwt in Eq. (48),
and these two terms need to be further determined by
experiments.
5. Numerical simulation
5.1. Case study of host rock for nuclear waste disposal
In this section the attention will be focussed on the host rock
around a nuclear waste container. The host rock for nuclear waste
represents a far ﬁeld barrier to prevent the transport of radionuc-
lides via groundwater pathways. Geological disposal may involve
the excavation of deposition holes in the host rock and the
emplacement of metal containers of high level waste. After excava-
tion, since the walls of the holes are in contact with air, there will
be some initial desaturation of the host rock which may cause
problems for the stability of the holes. Thus a desaturation analysis
using the hydro-mechanical coupled model will be presented as a
ﬁrst test of the numerical algorithm.
To simplify the modelling, a one dimensional plane strain mod-
el that is 0.015 m wide and 0.030 m high has been considered (Fig
1). The mesh comprises of 30 equal-sized elements; that is, 30 8-
node elements to model the displacement and 30 4-node elements
to model the pore pressure. The material parameters are listed in
Table 1 (Chen et al., 2007, Rejeb and Cabrera, 2006).
5.2. Finite element analysis
Classical ﬁnite elements (Lewis and Schreﬂer, 1987; Smith and
Grifﬁths, 2004) have been used to solve Eqs. (46) and (50) for d and
pw, the displacement vector and pore water pressure, respectively.
For two dimensional analysis, d is given by
d ¼ fd1;d2gT ð51Þ
St i f f c ons t r a i n t
15 mm
x
F r ic t io n l e s s i mp e r me ab l e
bo und a r y
30
mm
U n sa t u r a t e d r oc k
F ix ed pe r me ab l e
bou nda ry A
Fr e e pe rm ea b le
boun da r y B
Fig. 1. Unsaturated rock analysis.
Table 1
Material parameters (Maßmann et al. 2006).
Parameters Physical meaning Values and units
Hydraulics
qwt Density of water 1000 kg=m3
k=h Absolute permeability/dynamic
viscosity
1013 m/s (Chen et al.,
2007)
m Van Genuchten parameter 0.43
M Van Genuchten parameter 51 MPa
Mechanics
E Young’s modulus 9720 MPa
v Poisson’s ratio 0.2
Coupling
f Biot coefﬁcient 1.0
Q Void compressibility 0.000005 MPa1
Swelling
Sw Swelling parameter 0 (nonswelling), 0.2
(swelling)
Fig. 2. Evolution of pore water pressure distribution with time.
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and pw are expressed in terms of their nodal values, d and pw,
through the following equations:
d ¼ Ndd
e ¼ Bd
pw ¼ Nppw
ð52Þ
where Nd is the interpolation function for displacement, Np is the
interpolation function for pore water pressure, e is the strain ﬁeld
and B contains the derivatives of Nd.
The ﬁnal discretised incremental equations at the element level
are,
K _dþ A _pw ¼ 0 ð53Þ
LT _dþ S _pw þHpw ¼ 0 ð54Þ
where
 K ¼  RX BTDBdX
 A ¼ RX BTSw f xSwqwt
 
NpdXþ
R
X B
T Cs
/ f xSwqwt
 
NppwNpdX
 L ¼ RX NTpSwfBdX
 S ¼ RX NTp CS þ / SwKw þ ðSwÞ2Q
 
NpdXþ
R
X N
T
p S
wQ Cs/
 
NppwNpdX
 H ¼ RX ðrNPÞT k krwh 	ðrNPÞdXand where D is the stress–strain relationship and X is the element
domain. In the form of the matrix A, a swelling term xSwqwt
has now
been included to account for the hydration effects in the clay-
platelets.5.3. Initial conditions and boundary conditions
Initially, the pore water pressure in the rock sample is 4 MPa
and the degree of saturation is 0.995. Boundary A is in contact with
the atmosphere.
The desaturation step that occurs in situ, after excavation of the
deposition holes, is simulated in this simple idealisation by assum-
ing that the pore water pressure at boundary A decreases from
4 MPa to 20 MPa.
Boundary A is a ﬁxed and permeable boundary, whereas bound-
ary B is free and permeable. At boundary B an external load is ap-
plied to keep the effective stress equal to 0 at all times during the
analysis for simplify the discussion. The whole sample is initially in
equilibrium, with a zero effective stress throughout.5.4. Transient behaviour in non-swelling rock and swelling rock
The attention is here focused on the coupling between the pore
water pressure and the deformation of the solid skeleton. The pore
water pressure at boundary A has been decreased to 20 MPa in 1
step at the start of analysis, to simulate the outﬂow of water at
boundary A. Fig 2 shows that the pore water pressure throughout
the specimen decreases with time. Since the absolute permeability
is assumed to be constant and the water in the clay platelets which
causes hydration swelling is assumed to have very little inﬂuence
on the absolute and the relative permeabilities, the pore water
pressure distribution for non-swelling rock (Sw ¼ 0:0) is the same
as that for swelling rock (Sw ¼ 0:2). Because there is a direct rela-
tionship between the degree of saturation and pore water pressure,
the corresponding saturation proﬁles shown in Fig 3 show similar
trends. The initial saturation is 0.995 and this decreases within the
Fig. 3. Evolution of saturation distribution with time.
Fig. 5. Evolution of horizontal strain distribution with time.
X. Chen / International Journal of Solids and Structures 50 (2013) 3266–3273 3271specimen over time due to the reduced value of 0.927 at boundary
A.
Fig. 4 and 5 show the change of horizontal effective stress
and strain. Since the pore water pressure at boundary A is de-
creased at the start of the analysis, while the pore water pres-
sure at boundary B remains constant, the effective stress at
boundary A decreases suddenly while remaining constant atFig. 4. Evolution of horizontal effective stress distribution with time.the right-hand boundary. The swelling effect reduces the suction
inﬂuence on the solid skeleton, and so the effective stress of the
swelling rock (Sw = 0.2) is higher than that of the non-swelling
rock (Sw = 0.0) (Fig 4), and the non-swelling rock has a higher
compressive strain and displacement than the swelling rock
(Fig. 5 and 6).Fig. 6. Evolution of horizontal displacement distribution with time.
Fig. 7. Evolution of pore water pressure distribution with time for swelling rock
(Sw = 0.2, k = k/h).
Fig. 9. Evolution of horizontal effective stress distribution with time for swelling
rock (Sw = 0.2, k = k/h).
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Apart from the swelling parameter, the permeability is another
important parameter which can strongly affect the performance of
the solid and water coupling. The inﬂuence of other parameters,
such as the Young’s modulus (E) and Poisson’s ratio (v), has been
fully discussed in classic elasticity mechanics. Meanwhile, the BiotFig. 8. Evolution of saturation distribution with time for swelling rock (Sw = 0.2,
k = k/h).coefﬁcient is normally given the value of unity because of the very
high value of the bulk modulus Ks. Thus, the attention of the para-
metric study in the unsaturated hydro-mechanical coupled model-
ling analysis is focused on permeability in this paper. Because this
paper deals with a high saturation problem (saturation >90%), the
inﬂuence of the relative permeability is likely to be very smallFig. 10. Evolution of horizontal strain distribution with time for swelling rock
(Sw = 0.2, k = k/h).
Fig. 11. Evolution of horizontal displacement distribution with time for swelling
rock (Sw = 0.2, k = k/h).
X. Chen / International Journal of Solids and Structures 50 (2013) 3266–3273 3273(Corey, 1957). Thus, permeability forms the focus of this paramet-
ric study.
Figs. 7–11 investigate the inﬂuence of permeability on swelling
rock (Sw = 0.2), by considering various distributions for two per-
meability values, k=h ¼ 1012 m/s and k=h ¼ 1013 m/s, after both
1 month and 6 months. As expected, the pore water pressure in
the higher permeability rock (k=h ¼ 1012 m/s) decreases much
faster than in the lower permeability rock. The distribution of
saturation, effective stress, strain and displacement are also as
expected.6. Conclusions
This paper derived new formulations for unsaturated swelling
rock based on modiﬁed mixture theory. The hydration effect be-
tween the clay platelets has been successfully included. A general
coupled structure for large deformation swelling materials has also
been formed. The rigorous derivation by using Helmholtz free en-
ergy and dual potential gives a deep insight of the inter effects be-
tween the rock, gas, pore water and water in the clay platelets.
The numerical simulation analysed the desaturation progress of
an unsaturated rock sample. This simulation is relevant to geolog-
ical waste disposal, where after excavation, there might be a desat-
uration phase which could cause instability of the hole. The
numerical results show that swelling rock has a lower effective
stress change than that of non-swelling rock for the same amount
of desaturation. Thus, the swelling characteristic of the host rock
might be a positive inﬂuence for the stability of the hole. This pa-
per focused on the coupled formulations and numerical simulation,
but further experimental research work is needed to reﬁne this
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